In France is estimated a generation of about 17 and 23 kg per year of WEEE per inhabitant. However, in 2014, the return rate for household WEEE reached only 38% of the total market input. The French regulation targets higher collection rates for the next years: 45% between 2016 and 2019, and 65% after 2019 of the total market input. The aim of this work was to quantify the real environmental benefits of improving the collection and treatment of WEEE in France by the life cycle assessment methodology. A mobile phone charger was selected as a case study, and three scenarios were assessed based on the actual collection rate and the future collection and recycling targets. For most impact categories, mainly due to the intensification on energy consumption and transport activities related to the recycling processes, the growth in collection rate leads to higher environmental impacts. However, when comparing the impact of end-of-life with the production of virgin materials, the benefits of increasing collection rates and recycling are evident.
Introduction
Waste Electrical and Electronic Equipment (WEEE) is one of the fastest growing waste streams in the world. In 2014, 42 million tons of WEEE were globally discarded [1] . In France, is estimated the generation of about 17 and 23 kg WEEE per inhabitant per year [2] .
To address the e-waste problem, the European Union published in 2002 the WEEE directive. As a first priority, the Directive aims to reduce the generation of WEEE. Additionally, it aims to promote reuse, recycling and other forms of recovery so as to reduce the disposal of waste [3] . Considering the continuous increase in e-waste flows, in 2008, the Commission launched a recast of the WEEE Directive in order to adapt the collection targets to the reality of the different Member States, to strengthen provisions against illegal shipments, and to reduce administrative burdens. The new WEEE Directive was adopted in July 2012 [4] . In this paper, we will focus on the specific case of France, its regulation and organisation to face the e-waste management.
The current legislation for WEEE in France is based on the European Directive 2012/19/EU [4] . The recast Directive was partially transcribed into French law by Decree 2014-928 of 19 August 2014 and complemented by five ministerial orders from 8 October 2014 and a notice to producers of 27 November 2014 [2] . The e-waste system management in France is organized in two flows: household and professional.
The collection system in France was set up around several types of actors: producers, distributors, and local authorities.
For the household WEEE, focus of this study, the producers are responsible for the removal and treatment of the e-waste. The producers must join one of the producer compliance schemes (also known as producer responsibility organizations, take back schemes, and in France as "eco-organisms") already approved by the authorities, or set up an individual system that must be approved by the authorities (no individual scheme has been approved to date).
Even though France has a recycling channel implemented since 2005, the return rate of household WEEE reached only 38% of the total market input in 2014 [2] . Factors such as sorting errors, plundering, alternative systems of collection and treatment are some of the reasons for household WEEE to be diverted from WEEE Compliance Schemes. The French regulation (decree 2014-928) presents challenging collection rate for the next years: 45% between 2016 and 2019, and 65% after 2019 of the total market input.
Besides complying with the regulations, improving WEEE treatment represents an environmental and economic opportunity. WEEE encompasses a particularly complex waste flow that can cause environmental and health problems. Moreover, the production of electrical and electronic equipment (EEE) requires the ISBN 978-3-00-053763-9
Electronics Goes Green 2016+ Berlin, September 7 -9, 2016 use of materials with limited availability and high value added (for example, metals as gold, palladium and silver, and different types of polymers). Recycling can therefore avoid the extraction of new resources. However, the growth in e-waste recycling may result in the increasing of energy consumption and emissions related to the collection and recycling processes. Are the benefits of recycling higher than the impacts of the collection and recycling of WEEE?
In this context, the objective of this study was to quantify the potential impacts and benefits of increase the treatment of household e-waste in France. The life cycle assessment (LCA) methodology was chosen considering it is an internationally standardized methodology that is being widely used to assess environmental impacts of waste management scenarios. The study aims to answer two questions: (1 
Life cycle assessment of WEEE
In the past ten years, some life cycle assessment were published mainly in Europe, North America and Asia (e.g. [6] ; [7] ; [8] ; [9] ; [10] ) in order to assess the environmental impacts related to the life cycle of electrical and electronic equipment.
In some studies, the disposal of electronic waste is presented in terms of recycling, rather than other methods such as reuse, energy recovery or landfill. However, as the recycling processes have inherent losses, even a recycling scenario is associated with a landfill or incineration scenario. The transport during end-of-life stages is many times not considered or the distances are underestimated and therefore not in accordance with the reality [11] .
We noticed that few studies discussed the environmental gains of recycling channels based on their real performance and targets. In such a context this study aims to quantify the benefits of improving the treatment of WEEE in France considering its real impacts, applying the life cycle assessment methodology. The benefits of recycling were assessed in comparison with primary material production, as previously modelled in other LCA studies [12] , allowing the quantification of environmental benefits.
Methods
As the composition of EEE can significantly diverge from one equipment to another, and in order to perform an LCA with real recycling rates, a mobile phone charger was selected as a case study. Moreover, it is a numerous product that contains materials that are part of other electronic equipment (printed circuit board, ferrous and non-ferrous metals, plastics…).
The functional unit considered was: to treat 1 kg of mobile phone chargers in France. A mobile phone charger was dismantled and weighted by the authors and its composition is presented in Table 1 : The modelled scenarios were developed based on the current collection rate (38%), future collection targets (45% and 65%) and e-waste recycling practices in France. The system boundaries ranged from the consumer disposal of the e-waste to the materials' treatment (recycling, landfilling and/or incineration), including the transport.
The current scenario was established in accordance with the study published by the French Environment and Energy Management Agency (ADEME), which identified the e-waste flows in France [2] . As presented in Figure 1 , 38% was treated by the Compliance schemes, 33% are treated in documented flows and 29% in flows not yet documented. For the amount treated by the compliance schemes, the reuse and component reuse were not modelled in this study.
The future scenarios were developed as projections of the current scenario including, besides the growth in collection rates, the increase in plastic and precious metals recycling (Table 2) . It was considered the growth in precious metals recycling due to economic interests and their limited availability. The increase in plastic recycling was considered due to regulatory constraints. The potential increase in WEEE recycling rate and the reduction of processes losses were not considered.
The decision of not include the development of sorting and recycling technologies in the future scenarios aim to foster the discussion that is not enough to promote the increase in collection rate. More ISBN 978-3-00-053763-9
Electronics Goes Green 2016+ Berlin, September 7 -9, 2016 development is also needed to increase recycling rates and reduce processes losses. Concerning the amount treated by the compliances schemes, based on the current e-waste management practices in France, three performance levels of ewaste treatment were identified (Table 3 ): high performance level, average performance level (including recycling of materials with the best referenced recycling channels) and low performance level, comprising only the recycling of materials that don't need high technology development.
For the amount treated by the compliance schemes, in the current scenario it was considered that 10% are recycled in high performance processes, 60% in average treatment processes and 30% in low performance treatment processes. For the future scenarios 1 and 2, an increase of 10% and 20%, respectively, of the amount treated in high performance processes was considered. A proportional reduction on the amount treated in low performance processes was assumed. For the mobile phone charger mixed with scrap metal and bulky waste containers (cf. figure 1) , it was considered a treatment in low performance recycling processes.
The WEEE exported as part in the mixed scrap metal was considered to be treated in China, also in a low performance recycling processes. In all the LCA scenarios, the mobile phone charger discarded together with the residual household waste follows the current treatment for municipal solid waste in France available in Ecoinvent database (version 3.1): 53% incineration and 47% landfill.
Due to the lack of precise information, it was considered that the amount included in no documented flows was sent to landfill. It is known that part of this ewaste is possibly illegally exported and treated in inappropriate conditions.
Life cycle inventories for each scenario were developed from inventories available in Ecoinvent database (version 3.1, recycled content dataset) and adapted with literature and primary data obtained through discussions with specialists and recyclers. The most significant adaptations were:
• Efficiency rate of separation and recycling ( [13] ; [14] ; [15] );
• Energy consumption for sorting the plastics, considering the near infrared and optical sorting techniques [16] ;
• Localization of treatment sites considering French data [17] and primary calculation of transport distances (road and maritime);
• Landfill scenarios assessed according to the methodology developed by Doka [18] .
Life cycle impact assessment (LCIA) results were calculated at midpoint level by using the Recipe method (version 1.12 -Hierarchist) adapted with the IPCC method (version 1.01). ReCiPe was selected considering that it is often used in LCA of EEE (e.g. [10] ; [19] ; [20] ; [21] ) and that the method allows fulfillment of the requirements of ISO 14040 standard which prescribes a selection of impact categories that reflects a comprehensive set of environmental issues related to the product system.
The LCIA was performed in two steps: firstly, the real impacts of end-of-life scenarios were assessed; than the impacts of end-of-life scenarios were compared to the virgin materials production in order to evaluate the real benefits of recycling as a potential reducer of new resources extraction. This approach was selected once the recycled materials have the same or closely the same inherent properties than the primary materials (closed loop recycling) [22] . Figure 2 presents the results of the LCIA in the current and future scenarios for the treatment of 1kg of mobile phone chargers. As above mentioned, the potential development on sorting and recycling technologies was not considered. The results are presented in percentage considering for each impact category the higher scenario as 100%.
Results and discussion
For most of the impact categories, the growth in collection rate leads to higher environmental impacts. This results are mostly due to the intensification on energy consumption (the French energy mix considered in Ecoinvent database is 77% nuclear power) and transport activities. Once the future scenarios have less incineration and landfilling, a reduction of the impacts related to freshwater ecotoxicity and human toxicity is noticed with the increase in collection rate and recycling. This results clearly demonstrate the benefits of growing the collection rates to decrease the toxicological impacts of e-waste inappropriate disposal. Table 4 presents the amount of materials potentially recyclable in 1kg of mobile phone chargers. Since 42,3% of the charger mass assessed in this study is made of polycarbonate, and that there is no recycling channel established for this type of plastic originated from WEEE in France, the recyclability of the mobile phone charger would be limited even in a scenario with high collection rate.
The printed circuit board (PCB) composition was determined in accordance to the process "printed wiring board, surface mounted, unspecified, Pb free" available in Ecoinvent (version 3.1). The metals potentially recyclable represent only 26% of the total mass of the PCB. ISBN 978-3-00-053763-9
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The increase in material recovery is a consequence of the grown in collection rate and optimization of metals and plastic recycling, as presented in Figure 3 . The future scenario 2 would represent an increase of 20% and 26% of precious metal and plastics, respectively, recovered by the compliance schemes in comparison to the current scenario.
Figure 3: Percentage of material recovery in LCA scenarios
To increase plastics and metals recovery, besides increasing the collection rates, more developments are needed to achieve more efficient recycling and sorting rates. Considering printed circuit board size in mobile phone chargers, it was assumed that they are shredded together with the plastic, and then mechanically sorted. A total loss of 40% was considered due to losses in shredding and sorting of the PWB, followed by the recycling losses.
In the second step of the LCIA, the impacts of end-oflife management were compared to the production of virgin materials (Figure 4) . Based on the amounts of recycled materials produced in end-of-life scenarios, the impact of producing the same amount of virgin materials was assessed (1kg recycled material = 1 kg virgin material). For example, in the "Collection rate 38% -virgin materials" we calculated the impact of producing the same amount of copper and precious metals that were recycled in the scenario "Collection rate 38% -end-of-life impacts", including the processes losses. The results are presented in percentage considering for each impact category the higher scenario as 100%.
As presented in Figure 4 , the impact of producing the virgin materials is significantly higher than the impact of end-of-life treatment process itself. For the freshwater ecotoxicity the impact of the treatment processes is higher than the production of the virgin materials due to the impacts related to landfill and incineration. These results reinforce the benefits of improving WEEE collection and recycling in order to reduce the destination of e-waste to landfill and incinerators.
Additionally, the results foster the discussion of the importance to see the recycling channels as a provider of secondary materials that have lower impacts in comparison with the production of virgin materials, as well as the necessity of improving the e-waste management to increase recycling.
Figure 4: Environmental impacts of end-of-life management versus virgin material production
As presented in the Figure 2 , the recycling activities sometimes result in higher environmental impacts than the scenarios with low collection and recycling rates. This conclusion highlights the discussion that it is not enough to communicate environmental impacts with single impact category. For example, it could be erroneously concluded that recycling is not a good option due to the increase in CO 2 eq emissions. Actually what should be discussed is how to improve the reverse logistic in order to reduce the distances and optimize the charging of the trucks (in this study it was considered the standard charging load available in Ecoinvent). The use of renewable energies in France could also significantly reduce the impact related to the increase in energy consumption for recycling.
Conclusion
The results of this study provided useful information of the real benefits of the recycling channel. The increase in collection rates will reduce the impacts related to toxicity once less material will be disposed in landfill and/or incinerated, and more precious metals and plastics will be recovered. The recovery of precious metals and plastics represent an environmental gain once less virgin material will be potentially extracted. However, as a consequence of the recycling processes the impacts related to energy consumption and emissions from transport will increase with the growth in collection rate.
The optimization of the reverse logistic and the transition to renewable energies are crucial points to reduce the environmental impacts of the recycling channel. This conclusion highlights the importance of the French National Renewable Energy Action Plan that Electronics Goes Green 2016+ Berlin, September 7 -9, 2016 targets a 23% share of energy from renewable sources by 2020.
As previously mentioned more research is needed to increase plastic recycling of WEEE in industrial scale, as well as to reduce sorting and recycling losses.
The consumers have an important responsibility in helping to achieve the collection rates, because they are the starting point of the reverse logistic. Better informing the consumers of the impacts related to the the incorrect disposal, and the benefits of the reverse logistic can help to increase population awareness of the importance to recycle.
All the efforts to improve the environmental performance of e-waste management are not enough if no ecodesign practices are applied in the development of new EEE. A design that facilitates the dismantling and that prioritize recyclables materials and/or materials that can be recycled, combined with the appropriate disposal of e-waste by the consumers are essential to decrease the impact of this channel.
In order to assess the benefits of recycling as a potential reducer of virgin materials production and resources extraction, in this paper the results of the environmental impacts of the treatment activities were compared to the virgin material production (1:1). This comparison allowed a first overview of the impacts. However, the authors intend to assess the benefits of WEEE recycling with other methods that include allocation procedures based on the assumption that the recycling of 1kg of material will not substitute the production of exactly 1kg of virgin material.
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